We analyzed the relationship between diastolic coronary artery pressure and flow in the canine coronary bed, using an electrical analog model of the coronary circulation based on the theory of critical closure. The model contains a voltage-dependent nonlinear resistance and capacitance. The behavior of the resistive element was described using experimental diastolic pressure-flow curves obtained in the absence of compliance effects. Compliance free zero flow pressure intercepts (Pf 0 ) exceeded coronary venous pressure (P v ) by 2-to 5-fold and were related to initial diastolic coronary artery pressure P a (0) and flow F(0), and P v by: P f0 = 14.3 [(P a (0) -P v )/F(0)] + P V + 4.0 (r = 0.93). When coronary artery pressure was suddently lowered to values less than or equal to the compliance-free P ra , diastolic flow abruptly decreased and, after a transient reversal, remained at zero for up to 8 seconds. In the model, zero flow pressure represents critical closing pressure and the resistance regulating flow is the difference between coronary artery and venous pressure divided by flow. Theoretically predicted pressure-flow curves were in good agreement with existing experimental data, including the effects of elevating coronary venous pressure on zero flow pressure. Differences between compliance-free pressure-flow curves and those obtained with pressure gradually decreasing were explained by a coronary arterial compliance whose magnitude varies inversely with pressure and is dependent on vasomotor tone. In conclusion, the results of this study demonstrate the existence of a diastolic pressure gradient across the canine coronary bed at zero flow which is dependent on coronary vasomotor tone. A theoretical model of the coronary circulation based on the concept of critical closure describes the observed relationship between diastolic coronary artery pressure and flow during various experimental conditions. (Circ Res 55: 215-226, 1984) 
CORONARY artery pressure-flow relationships derived from phasic pressure and flow measurements during single diastoles in the dog heart are characterized by zero flow pressure intercepts (Pro) which exceed coronary venous or diastolic intracavitary cardiac pressure and are dependent on coronary vasomotor tone (Bellamy, 1978; Klocke et al., 1981; Dole and Bishop 1982a) . Although the effect of vascular compliance during gradually decreasing diastolic pressure contributes to the high values reported for Pfo (Eng et al., 1982) , most recent evidence indicates that the magnitude of this effect is not large enough to explain the experimentally observed pressure intercepts (Klocke et al., 1981; Kirkeeide et al., 1981; Downey et al., 1981; Dole and Bishop, 1982a) .
The observation of a zero flow state in which arterial pressure (P a ) exceeds venous pressure (P v ) This manuscript from the University of Iowa was sent to Robert M. Berne, Consulting Editor, for review by expert referees, for editorial decision, and final disposition. has been explained in two ways: by the critical closure phenomenon of Burton (1951 Burton ( , 1954 and, alternatively, by a vascular waterfall or Starling resistor mechanism (Holt, 1941 (Holt, , 1958 Permutt and Riley, 1963; Conrad, 1969) . Whereas both models predict positive zero flow pressures greater than P v , the hemodynamic factors which determine flow are quite different. If P f0 represents critical closing pressure, then the back pressure-opposing flow is P v and the resistance-regulating flow is (P a -P v )/F. If, however, P f0 is the effective back pressure, as proposed by the vascular waterfall model, then the resistance-regulating flow is (P a -Pro)/F. Two experimental observations suggest that critical closure may be a more appropriate model than a vascular waterfall to explain diastolic coronary artery pressure-flow relationships: (1) the dependency of P f0 on initial coronary vascular resistance, and (2) the effects of elevating venous pressure on the diastolic coronary artery pressure-flow relationship (Bellamy et al., 1980) . First, whereas the theory of critical closure predicts that P f0 will depend on active vascular smooth muscle tension, it is not readily apparent how vasomotor tone would influence the behavior of a collapsible vascular segment. Second, an important feature of the waterfall model is that flow and Pro are independent of changes in P v for P v ^ P f0 ; however, elevating P v by occluding the coronary sinus shifts the diastolic coronary artery pressure-flow curve to a higher P f0 (Bellamy et al., 1980) . Based on previous studies from our laboratory, and those of others, we have developed a theoretical model analogous to the phenomenon of critical closure to explain the observed relationship between diastolic coronary artery pressure and flow under various conditions. The coronary circulation during diastole was modeled as a resistance-capacitance (RC) analog containing an arterial and venous capacitance, and a pressure-dependent nonlinear resistance which is influenced by the existing vasomotor tone. Experimental data are presented to test the validity and predictions of this model. The physiological significance of Pf 0 is discussed in terms of existing experimental data and the theoretical model.
Methods
Experiments were performed in 10 healthy closed-chest adult mongTel dogs (weight 25-30 kg). Animals were given morphine sulfate (3 mg/kg, sc) and anesthetized with a-chloralose (50 mg/kg, iv) with additional doses of chloralose given as needed throughout the experiment. The dogs were ventilated with oxygen-enriched room air by a positive pressure respirator to keep arterial oxygen tension at 125 ± 10 (SD) mm Hg and carbon dioxide tension at 35 ± 5 mm Hg. Arterial pH was maintained at 7.40 ± 0.05 by an intravenous infusion of sodium bicarbonate (150 mM, 5 ml/kg per hour, iv) (Arfors et al., 1971 ). Aortic and right atrial pressures were measured with fluidfilled catheters and strain gauge pressure transducers. In seven animals, left ventricular diastolic pressure was measured with a Millar catheter transducer passed retrograde from the left carotid artery. Heart rate was measured continuously with a cardiotachometer triggered from the electrocardiogram. Rectal temperature was held at 37°C with a temperature controller and heating pad.
Coronary Perfusion System
Pressure in the circumflex artery was controlled by an extracorporeal perfusion circuit which has been previously reported in detail (Dole et al., 1981) . Briefly, the circumflex artery was perfused from a pressurized arterial reservoir with a metal cannula advanced through the right carotid artery into the ascending aorta and wedged in the proximal circumflex artery under pressure and flow monitoring, as described by Smith et al. (1974) . Coronary artery pressure was measured at the cannula tip through an external auxiliary tube opening at the distal end of the perfusion cannula. Blood was passed from the pressurized reservoir through an electromagnetic flow probe (Zepeda SWF4) before entering the coronary cannula. The pressure in the reservoir was controlled by means of compressed air tanks connected in parallel, permitting arbitrary alterations in perfusion pressure. The seal between the cannula tip and Circulation Research/Vol. 55, No. 2, August 1984 circumflex artery was tested for leakage of blood, as described by Mohrman and Feigl (1978) . Blood coagulation in the perfusion circuit was prevented by infusion of sodium heparin (initial dose 500 U/kg, iv, then 250 U/kg, iv, every hour). At the end of the experiment, saturated crystal violet solution was injected through the cannula to delineate the area of myocardium perfused which was removed and weighed. The flowmeter zero was determined by frequent coronary inflow occlusions. The flow probe was calibrated by timed blood volume collections after each experiment with blood from the experimental animal.
Induction of Long Diastoles
Long diastoles were obtained by vagal nerve stimulation, using a pair of platinum electrodes connected to a Grass stimulator (model S88) and a stimulus isolation unit. Stimulus parameters were: frequency 30 Hz, duration 8-10 msec, voltage 10-15 V. Lidocaine (1 mg/kg, iv) was given to prevent ventricular escape beats. Intracoronary atropine (0.02-0.03 mg) was used to minimize cholinergic vasodilation without altering vagal chronotropic effects (Dole and Bishop, 1982b) .
Diastolic Coronary Artery Pressure-Flow Relationships
To minimize the effects of vascular compliance, we constructed diastolic coronary artery pressure-flow curves by measuring pressure and flow, beginning 500 msec after a rapid step change in pressure. Since pressure and flow remained constant over the subsequent 2-3 seconds (less than 10% variation in flow with no consistent directional change), the pressure-flow curves are referred to as compliance-free pressure-flow curves, and the zero-flow pressure intercepts as compliance-free zero-flow pressures. In each case, pressure was decreased until coronary flow reached zero. Between 8 and 12 pressure and flow points were obtained for each curve, and the data were fitted by a least squares regression to obtain values for slope, zeroflow pressure intercept (Pfo)/ and correlation coefficient. The average regression values from two consecutively determined pressure-flow curves were used. Individual values for P m and slope were within 15% of the average value. The effect of coronary vasomotor tone on compliance-free estimates of diastolic zero flow pressure was determined by altering initial coronary vascular resistance with intracoronary infusion of adenosine (50-250 ^tg/min) at a pressure of 100 mm Hg or by changing initial coronary artery pressure over the autoregulation range (60-140 mm Hg).
The effect of compliance on pressure-flow relationships was quantified by comparing compliance-free pressureflow curves to previously reported pressure-flow data obtained by decreasing reservoir pressure at an average rate of 40 mm Hg/sec (Dole and Bishop, 1982a) .
Theoretical Model
The proposed model is depicted by the electrical analog representation of the coronary circulation in Figure 1 , where electrical potential, current, resistance, and capacitance are analogous to pressure, flow rate, flow resistance, and vascular compliance, respectively. In the figure, P a = proximal coronary artery (aortic) pressure and P v = coronary venous pressure. The coronary arterial capacitance, C a , was placed at the midpoint of the total resistance proximal to the arterioles (between R, and R 2 ). The coro-FIGURE 1. Electrical analog model of the coronary circulation during diastole. P, = proximal coronary artery pressure; P v = coronary venous pressure; R, = 0.5 x total coronary artery resistance proximal to the arterioles; R 2 = Ri + coronary arteriolar and capillary resistance + Ri R3 = 0.5 x coronary venous resistance; C a = coronary arterial capacitance; C v = coronary venous capacitance. The circuit can be described by the two differential equations shown in equations 1 and 2 where Pa and P Cv are the pressures at the capacitive elements C, and C v , respectively. nary venous capacitance, C v , was placed at the midpoint of the venous resistance (between R 2 and R 3 ). The resistance elements were specified as: Ri = 0.5 X total coronary arteriolar resistance proximal to the arterioles, R 2 = Ri + coronary arteriolar and capillary resistance + R 3 , R 3 = 0.5 X coronary venous resistance. Diastolic compliance effects due to compression of vessels during the previous systole were assumed to be negligible, since pressure-flow relationships were constructed after diastolic flow had reached a steady state (>1 sec after the onset of diastole). The flow at each node of the circuit can be described by the two linear differential equations: where P Ca and P Cv are the pressures at the capacitive elements, C a and C v , respectively. The solution to these differential equations was obtained for constant R2 and C a using Laplace transforms. To account for the pressuredependent variation in R 2 and C a , we used a piecewise linear analysis for small time intervals At of 10 msec during which R2 and C a were assumed to be constant. At the end of each time interval, the instantaneous value of P a was used to compute new values of R 2 and C a for the next At using the appropriate function of P a for R 2 (Eq. 5) and C a (Eqs. 6, 7). This is a well-established method for describing the behavior of circuits that contain nonlinear elements (Chua, 1969) . The initial conditions in the solution were specified as follows: for t g 0, P a = P a (0) and for t > 0, P a was determined by the given pressure function. We examined a linear decaying pressure of the form P a (t) = P a (0) -kt and an exponentially decaying pressure of the form P a (t) = P a (0) exp (-at), where P a (0) = initial pressure, k = rate constant, a = inverse time constant, and t = time.
The solution for each pressure function (appendix) was programmed on a PDP 11/34 DEC computer interfaced with a Zeta graphics plotter.
In the absence of compliance effects, total coronary vascular resistance at time t is given by:
where F(t) = diastolic flow at time t and P a (t) = coronary artery pressure at time t. Since the compliance-free diastolic pressure flow relationships were approximately linear, F(t) was given by:
where P f0 = compliance-free zero flow pressure, and F(0) = initial diastolic coronary flow. The relationship between Pro and initial coronary vascular resistance, RT(0), was determined experimentally as described above. Thus, R 2 (t) = R-r(t) -Ri -R 3 was specified as a function of P a (t) and the measurable parameters P a (0), F(0), and P v as follows:
The initial distribution of resistance in the steady state was determined from published experimental pressures in large and small coronary vessels (Winbury et al., 1969; Fam and McGregor, 1968; Cohen and Kirk, 1973) and coronary microvascular pressure measurements (Tillmans et al., 1981; Nellis et al., 1981) . During basal conditions, we assumed a 5% pressure drop across the large and small arteries, a 63% pressure drop across the arterioles, a 21% pressure drop across the capillaries, and an 11 % pressure drop across the veins. Thus, the distribution of resistance in the basal state was: R, = 0.025 X R T (0), R 2 = 0.925 X R T (0), R 3 = 0.05 X RT(0). During maximum flow rates, we assumed a 20% pressure drop across the large and small arteries. The distribution of resistance in the vasodilated states was: R, = 0.1 X Rj(0), R 2 = 0.85 X R T (0), R 3 = 0.05 X R T (0). The sensitivity of the solutions of the differential equations to these distributions of resistance was examined by determining the effects of changing R! or R 3 on the resulting pressure-flow curve. Varying R! from 0.01 X R T (0) to 0.05 X RT(0) in the basal state or from 0.05 x R T (0) to 0.2 X R T (0) in the vasodilated state changed P, o by less than 1 mm Hg. Varying R 3 from 0.025 X R T (0) to 0.1 X R T (0) changed P, o by less than 0.5 mm Hg.
Recent data by Canty et al. (1982) in the canine coronary bed indicate that coronary arterial compliance increases with decreasing pressure. In addition, during maximum coronary vasodilation, coronary compliance was shown to be approximately 70% greater than values obtained with coronary vasomotor tone intact. Fitting the compliance vs. pressure data reported by Canty et al. by a second order polynomial, we assumed that C a increased with decreasing pressure under basal conditions according to: C a = 1.13 x 10" 6 P a (t) 2 -2.65 x 10-4 P a (t) + 0.017 (6) During maximum coronary vasodilation, C a was described by: C a = 2.75 X 10" 6 P a (t) 2 -5.82 x 10~4Pa(t) + 0.034. (7) C v was assumed to be 20 times greater than the initial value of C a . Since having C v increase with decreasing pressure did not significantly influence the results, we assumed that C v was constant, 0.04 ml/mm Hg per 100 g under basal conditions and 0.08 ml/mm Hg per 100 g during maximum vasodilation.
Data Analysis
The compliance-free pressure-flow data were fitted by a least squares regression line giving values for slope, zero flow pressure intercept, and correlation coefficient. The relationship between the compliance-free Pf 0 and RT(0) was also described by a linear regression. The theoretical model was used to determine the magnitude of the arterial compliance (C) needed to explain the difference between pressure-flow curves obtained in the presence and absence of compliance effects. Previous studies (Eng et al., 1982; Klocke et al., 1981; Dole and Bishop, 1982a) have shown that compliance effects translate the diastolic coronary artery pressure-flow curve to the right, resulting in a higher P, o . We used the solution to Equations 1 and 2 to compute the magnitude of Q which would be necessary to shift the compliance free pressure-flow curve so that it coincided with the curve obtained with pressure decreasing under basal conditions and during maximum vasodilation. The input data used for this purpose have been published previously (Dole and Bishop, 1982a ; combined results of Tables 1 and 3 ). With pressure decreasing at an average rate of 40 mm Hg/sec from 125 mm Hg, pressure (P a ) and flow (F) during basal conditions were related by: F = 1.2 (P a -50.4), (r= 0.97, n = 16) and during maximum vasodilation by F = 4.9 (P a -23.6), (r = 0.99, n = 16). With compliance effects minimized, the pressure flow relationship in the basal state was described by F = 0.9 (P a -37.2), (r = 0.99, n = 4) and during maximum vasodilation by F = 4.7 (P a -15.2), (r = 0.99, n = 4). In addition, by specifying the initial input parameters P a (0), k or a, R,, R 2 , R 3 , P v , C a and C v , we used the model to generate pressure-flow relationships under various conditions and compared the predicted curves with previously published data obtained under similar hemodynamic conditions. All experimental data are expressed as mean ± SD.
Results

Compliance-Free Diastolic Pressure-Flow Relationships
Compliance-free diastolic pressure-flow curves were linear in the basal state and during coronary vasodilation (r = 0.96-0.99). As coronary vascular resistance was progressively decreased with adenosine, the slopes of the diastolic pressure-flow curves increased, and the values for P f0 decreased ( Fig. 2A) . Pressure-flow curves obtained when initial coronary artery pressure was decreased over the autoregulation range were characterized by steeper slopes and lower values for P f0 at the lower pressure (Fig. 2B) . The relationship between the compliance-free zero flow diastolic coronary pressure gradient, P f0 -P v , and initial coronary vascular resistance, R T (0), for the entire group of animals is shown in Figure 3 . The data were described by the linear regression:
Compliance-free values for P f0 ranged from 11.9 to 43.7 mm Hg, with right atrial pressure 7.8 ±1.7 mm Hg and left ventricular end-diastolic pressure 10.5 ± 2.3 mm Hg.
When initial coronary artery pressure was suddenly lowered to values less than or equal to the compliance-free P f0 , flow abruptly decreased and, after a transient reversal (250-500 msec), remained at zero for up to 5-8 seconds of observation ( Fig. 4) .
Compliance Effects and Diastolic Pressure Curves
The theoretical model was used to determine the magnitude of the coronary arterial compliance C a necessary to explain the observed differences be- tween compliance-free pressure flow curves and those obtained with pressure gradually decreasing.
Over the pressure range of 110 to 50 mm Hg, C a increased from 1.2 X 10" 3 to 5.2 x 10~3 ml/mm Hg per 100 g in the basal state and from 3.5 X 10~3 to 1.7 X 10" 2 ml/mm Hg per 100 g during maximum coronary vasodilation ( Fig. 5) . Thus, the model predicts that C a is not constant, but increases with decreasing coronary pressure, as well as with decreasing coronary vasomotor tone. These predictions are in good agreement with the data recently reported by Canty et al. (1982) .
Using the compliance data of Canty et al. (1982) -40-,
Diastolic Coronary Resistance (mmHg/ml/min/iOOg) and a linearly decaying pressure function of the form P a (t) = P(0) -kt, the model predicts diastolic pressure-flow relationships which are very similar to those observed experimentally (Fig. 6 ). Figure 7 A shows the theoretically predicted pressure-flow relationships obtained for an exponentially decaying pressure function of the form P a (t) = P a (0) exp (-at) with P a (0) = 100 mm Hg, a = 0.4/ sec, and initial diastolic flows of 50 to 120 ml/min per 100 g (conditions corresponding to basal state). The values for Pf 0 varied directly with initial coronary vascular resistance ranging from 48.2 mm Hg (F(0) = 50 ml/min per 100 g) to 27.4 mm Hg (F(0) = 120 ml/min per 100 g). At an initial flow of 500 ml/min per 100 g (conditions corresponding to maximum vasodilation), P f0 decreased to 16.3 mm Hg. These values are in good agreement with those determined experimentally (Bellamy, 1978; Klocke et al., 1981) . Figure 7B shows the effects of changing the inverse time constant a on the diastolic pressureflow relationship. As a was increased from 0.2 to 2.0, the pressure-flow relationship was characterized by a larger initial flow transient and progressively higher values for P f0 . Figure 8 shows the effects of increasing coronary venous pressure on diastolic pressure-flow relationships obtained with pressure decreasing at 40 mm Hg/sec and P a (0) =100 mm Hg at an initial flow of 80 ml/min per 100 g (basal conditions) and an initial flow of 400 ml/min per 100 g (vasodilated conditions). Assuming that the elevation in venous pressure does not alter inflow (i.e., RT(0) decreases) and that the distribution of resistance remains the same, increasing venous pressure from 5 to 20 mm Hg resulted in an increase in P f0 from 41.2 to 49.2 mm Hg under basal conditions (Fig. 8A) Coronary Pressure (mmHg) FIGURE 6. Observed and predicted diastolic coronary artery pressureflow relationships, with pressure decreasing linearly (40 mm Hg/sec). The mean experimental pressure-flow relationship is indicated by the solid line, and that predicted by the theoretical model by the dashed line. Panel A shows the data for basal conditions, and panel b, during maximum coronary vasodilation. The experimental pressure-flow curves have been published previously (Dole and Bishop, 1982a) and represent mean regression data (n = 16). The theoretically predicted diastolic pressure-flow curves are very similar to those observed experimentally.
to 33.0 mm Hg during maximum vasodilation (Fig.  8B) . The slopes of the pressure-flow curves were greater at the higher venous pressures. These results were not significantly altered by selectively decreasing venous resistance as venous pressure was increased. The lower panels show the effects of increasing coronary venous pressure on pressure-flow curves, assuming that elevating venous pressure reduced inflow with RT(0) constant. Increasing venous pressure from 5 to 20 mm Hg resulted in an increase in P f0 from 41.2 to 52.4 mm Hg under basal conditions (Fig. 8C) , and from 21.8 to 34.5 mm Hg during maximum vasodilation (Fig. 8D) , whereas the slopes of the curves were not altered. Thus, the model predicts that increasing venous pressure (P v ) will translate the coronary pressure-flow relation- ship to a higher P f0 and that Pf 0 will always exceed P v . Depending on the influence of P v on coronary resistance, the increase in P f0 ranged from 0.53 to 0.75 of the increase in P v . With vasodilation, a greater fraction of the change in P v is transmitted to Pro- Figure 9 plots the simultaneous flows through Ri, R 2 , and R 3 with pressure decreasing at a rate of 40 mm Hg/sec, P a (0) = 125 mm Hg, and P v = 7.9 mm Hg. Under basal conditions, large artery flow (through Ri) stops at a pressure of 47 mm Hg, whereas flow across the microcirculation (through R 2 ) stops at a pressure of 31 mm Hg. During maximum vasodilation, the model predicts that large artery flow will stop at a pressure of 25 mm Hg, whereas flow across the microcirculation will stop at a pressure of 15 mm Hg. Thus, the model predicts that the pressure at which microvascular flow stops will be lower than the zero-flow pressure measured in the large epicardial arteries.
Discussion
The major contributions of this study are that it demonstrates the existence of a diastolic pressure gradient across the coronary bed during a sustained zero flow state which is dependent on coronary vasomotor tone, and describes a model of the coronary circulation based on the phenomenon of critical closure which closely predicts the observed relation-ship between diastolic coronary artery pressure and flow under a variety of conditions.
Recent studies have shown that compliance-free estimates of diastolic zero flow pressure exceed intracavitary diastolic cardiac pressures and are dependent on coronary vasomotor tone (Klocke et al., 1981; Kirkeeide et al., 1981; Downey et al., 1981; Dole and Bishop, 1982a) . The present study extends these observations over a wide range of coronary vascular resistance. The diastolic pressure gradient Pro ~ P v was found to be a linear function of total initial coronary vascular resistance calculated as: (P a (0) -P v )/F(0). This was true whether resistance was altered by changing coronary artery pressure or by intracoronary infusion of a vasodilator agent.
The proposed model of the coronary circulation in diastole is based on Burton's concept of critical closure, and incorporates a pressure-dependent non- . Theoretically predicted flows through Rj, R 2 and R 3 with pressure decreasing at 40 mm Hg per second. Initial pressure (P a (0)) was 325 mm Hg and venous pressure (PJ 7.9 mm Hg. Under basal conditions (panel A) flow through R 1# R 2 and R 3 stopped at pressures of 47, 31, and 31 mm Hg, respectively. During maximum vasodilation (panel B) , the model predicts that flow through Ri, R 2 and R 3 will stop at pressures of 25, 35, and 15 mm Hg, respectively. Thus, the model predicts that the pressure at which arteriolar and capillary flow stops will be lower than the zero flow pressure measured in the large epicardial arteries.
linear resistance. This lumped resistive element would include small arteries, arterioles, capillaries, venules, and small veins. Figure 10 is a graph of R 2 vs. P a (t) (Eq. 5) for three states of initial vasomotor tone. It can be seen that R 2 is inversely related to P a (t) and is dependent on initial coronary vascular resistance. In each case, R 2 approaches infinity at a pressure P ro that exceeds coronary venous pressure. During vasodilation, the R 2 function is shifted to the left (lower Pfo), and during vasoconstriction the function is shifted to the right (higher P f0 ). Analogous to the concept of critical closure, active vascular smooth muscle tension causes vessel circumference to decrease until an equilibrium is established between wall tension (active and passive) and transmural pressure, according to the Laplacian relationship. If the active tension rises above a critical level or if the transmural pressure falls below a critical level, then equilibrium becomes impossible and occlusion of the vascular lumen occurs, in part because of infolding of the internal elastic membrane and endothelial cells. Although the concept of critical closure has been challenged (Azuma et al., 1971; Johnson, 1976; Alexander, 1977) , closure of small resistance vessels has been observed following intense vasoconstriction (Burton, 1954; Van-Citters et al., 1962; VanCitters, 1966; Nichol et al., 1951) . It has been argued that the active tension required for critical closure is greater than that predicted from the Laplacian relationship and that the maximum capacity of vascular muscle for shortening is inadequate to achieve closure at positive pressures. However, a plausible mechanism to account for closure of small blood vessels relates to the consequence of the geometric arrangement of the vascular smooth muscle and the endothelium (Alexander, 1977) . In our model, we assumed that large vessel arterial resistance (Ri) was constant during diastole. This approximation is consistent with studies of the dynamic elastic properties of excised canine epicardial coronary arteries which have demonstrated relatively small changes in vessel radius with rather large changes in perfusion pressure (Douglas and Greenfield, 1970; Gow and Hadfield, 1979) . In addition, Vatner et al. (1980) , using an ultrasonic dimension gauge on the left circumflex coronary in the conscious dog, have shown that coronary artery diameter during diastole changes approximately 2-4%. Thus, any increase in large vessel resistance during diastole is expected to be relatively small.
Increasing Ri by 2-fold in the theoretical model had little effect on P f0 during basal conditions or during maximum vasodilation. We also assumed that R3 was a constant fraction of the total resistance (R-r). Since R 3 is small relative to R T , it should have little effect on the inflow pressure-flow relationship. Varying R 3 over a 4-fold range did not significantly influence theoretically predicted values for P f0 .
The effect of compliance on the pressure-flow relationships will depend on the size and distribution of the compliant and resistive elements, and the rate of change of the input pressure function. The distribution of resistance in the model was estimated from previously published experimental data on large and small coronary artery pressure measurements and microvascular pressure determinations. The arterial compliance (C a ) was assumed to be located primarily in the large and small coronary arteries and was placed at the midpoint of the total coronary arterial resistance proximal to the arterioles. Whereas a more distributed model would be more accurate, it is unlikely that this would change the basic predictions. Coronary venous compliance was estimated to be 20 times greater than initial coronary arterial compliance, based on the relative differences in elastic properties between arteries and veins (Berne and Levy, 1977) . The values (C v = 0.04 -0.08 ml/mm Hg per 100 g) are of the same order of magnitude as estimates of total intramyocardial compliance (Salisbury et al., 1961; Scharf and Bromberger-Barnea, 1973; Morgenstern et al., 1973) and should not underestimate the effects of total venous compliance. Since the majority of the venous compliance is located distal to the major resistive elements, its effects on inflow pressure-flow relationships are relatively small, compared with those of the smaller arterial compliance.
The theoretical model predicts that the magnitude of the arterial compliance (C a ) required to explain pressure-flow relationships obtained with pressure gradually decreasing varies inversely with coronary artery pressure, and also depends on coronary vasomotor tone. Thus, over the pressure range of 110 to 50 mm Hg, C ? increased from 1.2 X 10~3 to 5.2 X 10~3 mm Hg/ml per 100 g in the basal state and from 3.5 X 10~3 to 1.7 X 10~2 ml/mm Hg per 100 g during maximum vasodilation (Fig. 5) . These predictions are in good agreement with preliminary data recently reported by Canty et al. (1982) . In that report, coronary arterial compliance was measured in the left circumflex artery, using sinusoidal pressure waveforms at frequencies of 1-10 Hz, and fitting the pressure and flow amplitude data at each frequency by a first order RC parallel model. Over the pressure range of 110 to 50 mm Hg, coronary arterial compliance increased from 1.7 X 10~3 to 6.9 x 10" 3 ml/mm Hg per 100 g during basal conditions and from 3.4 X 10"~3 to 1.2 X 10~2 ml/mm Hg per 100 g during maximum vasodilation.
Using the compliance data reported by Canty et al. (1982) and a linearly decaying pressure function, the theoretical model yields diastolic pressure-flow relationships that are similar to those observed experimentally (Fig. 6 ). The flow transient at the onset of pressure decay predicted by the model is the result of compliance effects and will be influenced by the initial rate of change of pressure. Whereas such a flow transient would not be evident from pressure-flow regression data obtained at 40-msec intervals, a decrease in flow (5-8% during basal conditions and 3-5% during maximum vasodilation) was present in the original flow tracings from our previously published data (Dole and Bishop, 1982a) .
It should be noted that the theoretical model does not include inductance which would be expected to minimize very rapid flow transients. However, since the magnitude of inductance would be small in the coronary bed, it would have little effect on the remainder of the pressure-flow curve or on the zero flow pressure.
With an exponentially decreasing pressure function, the theoretically predicted pressure-flow curves were approximately linear following the initial flow transient. The values for P f0 were dependent on the initial coronary vasomotor tone and the time constant for pressure decay (Fig. 7) . The range of values for Pfo was similar to that reported for pressure-flow relationships obtained using phasic aortic pressure and flow measurements (Bellamy, 1978; Klocke et al., 1981) . However, the diastolic pressure-flow relationships described by Klocke et al. (1981) were concave to the flow axis during basal conditions and during maximum coronary vasodilation. Other investigators have observed more linear pressure-flow relationships with gradually decreasing pressure or constant pressure perfusion (Bellamy, 1978; Kirkeeide et al., 1981; Eng et al., 1982; Vlahakes et al., 1982) . Whereas the reasons for such differences in the shape of the pressure-flow relationship are unclear, any curvilinearity could be explained by pressure-dependent passive changes in the diameter of the compliant arteries at low pressures.
Hemodynamic models based on the concept of critical closure or on a vascular waterfall mechanism predict similar inflow pressure-flow relationships with positive zero flow pressures which exceed venous pressure. However, the two models differ in the predicted inflow response to changes in venous pressure. To determine the effects of venous pressure on pressure-flow relationships, it is necessary to know how venous pressure influences the distribution of resistance. In the proposed model, we examined two possibilities: first, that total resistance remained unchanged, and second, that total resistance decreased to maintain initial flow constant. Changing venous pressure will affect the zero-flow pressure by influencing compliance and also by changing the R 2 function. Under basal conditions, with resistance constant, the model predicts that elevation of venous pressure will translate the cor-onary pressure-flow relationship to a higher P f0 without altering the slope of the relation. In this case, Pro increased by 50% of the increase in venous pressure. When venous pressure was increased and total coronary resistance decreased to maintain initial flow constant, the pressure-flow relationship was again translated to a higher Pfo, but the slope of the curve increased. In this instance, Pfo increased by 75% of the increase in venous pressure. In either case, the critical closure model predicts that P f0 always exceeds venous pressure, and that there is no threshold value below which changing venous pressure does not influence the pressure-flow relationship. These results are in basic agreement with the observed effects of coronary sinus occlusion on coronary artery diastolic pressure-flow curves reported by Bellamy et al. (1980) . In that study, P f0 increased by two-thirds of the increase in venous pressure. Bellamy concluded that the data were not compatible with the existence of a vascular waterfall mechanism unless it was assumed that venous pressure was a determinant of the zero-flow pressure. Another possibility is that elevating venous pressure could have increased coronary vascular resistance by a myogenic mechanism or, perhaps, by a venoarterial reflex (Haddy and Gilbert, 1956) . However, an increase in coronary arterial resistance should have decreased the slope of the pressure-flow curves, yet coronary sinus occlusion did not alter the slope. Whereas these observations suggest that critical closure may be a more appropriate model than a vascular waterfall to describe diastolic pressure-flow phenomena in the heart, definitive proof will require a better understanding of pressure and flow regulation in the coronary microcirculation.
The significance of coronary vascular compliance in interpreting diastolic pressure-flow relationships when pressure is gradually decreasing is that compliance effects can permit continued microvascular blood flow despite zero epicardial inflow (Eng et al., 1982; Downey et al., 1981; Klocke et al., 1981; Dole and Bishop 1982a) . Thus, the inflow pressure at which anteriolar and capillary flow actually stops would be lower than the zero flow pressure measured in the large epicardial arteries. In Figure 9 , the simultaneous flows through Ri, R 2 , and R 3 in the model are plotted against time. It can be seen that when pressure is gradually decreasing, large artery flow (Fi) is less than arteriolar and capillary flow (F 2 ) or venous outflow (F 3 ). Under basal conditions, large artery flow stopped at a pressure of 47 mm Hg when microvascular flow was approximately 20 ml/ min per 100 g. Flow across the microcirculation stopped at a pressure of 31 mm Hg as R 2 approached infinity. Venous outflow also stopped at approximately 31 mm Hg. Thus, although the model predicts that large artery flow will stop at a higher inflow pressure than will microvascular flow or venous outflow, the pressure at which flow stops across the entire coronary bed is still greater than Circulation Research/Vo /. 55, No. 2, August 1984 coronary venous pressure under basal conditions and during maximum vasodilation. This prediction is in basic agreement with a very recent study by Bellamy and O'Benar (1984) in an in situ bloodperfused swine heart preparation.
Several electrical analogs which did not include a pressure-dependent nonlinear resistance were examined in an attempt to explain the relationship between diastolic coronary artery pressure and flow. A model similar to that originally proposed by Eng et al. (1982) with constant resistance and capacitance (C a = 0.002 -0.01 ml/mm Hg per 100 g and C v = 0.04 -0.08 ml/mm Hg per 100 g) and an exponentially decaying pressure function (a = 0.2-0.8 sec" 1 ) predicted values for P f0 which were greater than venous pressure; however, the magnitude of the arterial capacitance was too small to account for the observed zero-flow pressures. In addition, as pointed out by Eng et al., the constant capacitance model predicts pressure-flow relationships whose slopes are less than those observed under capacitance-free conditions in contrast to the experimental findings. This led to the speculation that the experimental pressure-flow curves might be explained by an additional component of increasing coronary resistance during diastole that could not be readily assessed under dynamic conditions. Another explanation for the observed differences between pressure-flow curves obtained with and without compliance effects is that compliance is not constant but increases with decreasing pressure as shown by Canty et al. (1982) . A model in which capacitance varies inversely with pressure predicts pressure-flow curves in which the slope is greater than that for curves obtained under capacitance-free conditions. However, the magnitude of the arterial capacitance required to explain the observed pressure-flow curves with constant resistance would need to be several-fold greater than that reported by Canty et al. (1982) . Thus, models involving constant resistance and either constant or pressure-dependent compliance do not explain the observed relationship between diastolic coronary artery pressure and flow when pressure is gradually decreasing. Another important experimental observation which cannot be explained by a capacitance model with resistance constant is that diastolic flow following a rapid step change in pressure to or below the compliance-free Pfo remains at zero for up to 8 seconds (Fig. 4) . A constant resistance-capacitance model would predict a continued gradual rise in flow to a value greater than zero, provided P f0 exceeded venous pressure. Thus, the addition of a pressure-dependent nonlinear resistance to the model appears to be necessary for two reasons: first, to explain the magnitude of the zero-flow pressure intercepts which are observed experimentally, and, second, to explain the response of diastolic coronary flow to a rapid step change in pressure to Pf 0 .
In conclusion, this study has shown that, in the absence of compliance effects, the diastolic pressure gradient across the canine coronary bed during zeroflow depends on initial coronary vascular resistance and ranges from 30 mm Hg during basal conditions to 5 mm Hg during maximum vasodilation. A model based on the theory of critical closure closely predicts diastolic coronary artery pressure-flow phenomena under a variety of experimental conditions. According to such a model, diastolic coronary flow stops at pressures less than or equal to the compliance-free zero-flow pressure because coronary vascular resistance approaches infinity. 
Appendix
The flow at each node of the circuit in Figure 1 , using Kirchoff's law, is given by the two differential equations: The solution for an exponentially decaying input pressure of the form P a = P a (0)e~"' is:
